To highlight recent research on amino acid sensing and signaling and the role of amino acid transporters in the regulation of human skeletal muscle protein metabolism.
INTRODUCTION
Skeletal muscle is a very plastic tissue, capable of adapting to a variety of external and internal stimuli in a very specific manner [1] . For instance, it is well known that resistance exercise training produces dramatic increases in muscle size and strength, whereas chronic periods of inactivity result in muscle atrophy and reduced muscle function. The significance of muscle adaptation extends beyond changes in physical function, as muscle size is correlated with several clinically relevant outcomes, including rehabilitation time, hospital length of stay, and susceptibility to injury and illness [2, 3] . The consequences of chronic, even sometimes intermittent, exposure to stimuli that result in the loss of muscle mass and function (that is, inactivity, hospitalization, inflammation, malnutrition) become much more adverse in clinical populations and older adults who are already at risk for musclerelated dysfunction, physical dependence, and poor health outcomes [4] . Because muscle adaptation is largely governed by changes in muscle protein metabolism, a concerted effort has been made by several investigators to better understand the mechanisms that regulate muscle protein metabolism in an effort to identify therapeutic targets and thus maximize the effect of various strategies designed to increase, preserve, or restore muscle size and function.
An emerging role for amino acid transporters in the regulation of protein metabolism has evolved over recent years. Pioneering work by several research laboratories [5] [6] [7] [8] [9] [10] [11] has substantially increased our understanding of the mechanisms through which specific classes of amino acid transporters not only facilitate the movement of amino acids across a cell membrane, but also the mechanisms through which these transporters and the influx of amino acids into the cell may be linked to the regulation of protein metabolism (for reviews, see [12, 13] ). These findings have provided, and continue to provide, a solid foundation from which to begin to identify the therapeutic importance of amino acid transport and transporters in the regulation of human skeletal muscle adaptation and will be critical to maximize therapeutic strategies to increase muscle health and physical function. In addition, more data are demonstrating a dynamic response in the expression levels of select amino acid transporters in human skeletal muscle following a variety of stimuli (Table 1) [14,15 & 
,16
&& , [17] [18] [19] [20] . Thus, the goal of this review is to highlight new findings regarding the mechanisms of amino acid sensing and signaling and the role of amino acid transporters in the regulation of muscle protein metabolism. We will then focus our discussion on data highlighting the responsiveness of select amino acid transporters to various stimuli in human skeletal muscle. For the specific mechanisms through which amino acid transporters function to transport amino acids, please refer to the following in-depth reviews [12, 21, 22] .
AMINO ACID SENSING AND SIGNALING MECHANISMS IN PROTEIN METABOLISM
A precise understanding of the mechanisms involved in regulating protein metabolism in response to amino acid availability is necessary to
KEY POINTS
Multiple proteins, protein complexes, and intracellular amino acid sensors appear necessary to facilitate the activation of mechanistic (a.k.a., mammalian) target of rapamycin complex 1 (mTORC1) in the presence of elevated intracellular amino acid availability.
Amino acid transporters, in general, may have dual roles both as amino acid delivery systems to intracellular amino acid sensors and as extracellular amino acid sensors/receptors.
The expression of amino acid transporters in human skeletal muscle is dynamic and responsive to a variety of stimuli, and changes in human skeletal muscle amino acid transporter expression have been associated with changes in muscle size.
There is a need for more translational research combining mechanistic research efforts with in-vivo human studies to accelerate the development of nutritional therapeutic strategies to improve muscle health and function in older adults and clinical populations. [19, 20] for more detailed information regarding amino acid transporter nomenclature and transport systems.
maximize our understanding of the role of amino acid transport and transporters as it relates to both the loss of muscle size and strength and the development of therapies for human skeletal muscle. In animal and human skeletal muscle, an increase in amino acid availability regulates muscle protein metabolism largely through the stimulation of the mTORC1 signaling pathway [23] [24] [25] . Stimulation of the mTORC1 signaling pathway by amino acids results in an increase in the rate of muscle protein synthesis [23, 26] and perhaps a reduction in autophagy [27, 28] . In human skeletal muscle, this increase in muscle protein synthesis following amino acid ingestion lasts approximately 2-3 h before returning to basal values [29] . Similarly, ingesting amino acids after exercise enhances protein synthesis in human skeletal muscle above that elicited independently by exercise or amino acid ingestion [30] . Whereas the ability for amino acids to stimulate mTORC1 and muscle protein synthesis is well described, less is known about the specific mechanisms through which an increase in amino acid availability activates mTORC1. Great strides have been made to begin to unravel some of these mechanisms, and work from the Sabatini laboratory has identified that mTORC1 activation by amino acids requires the recruitment of mTORC1 to the lysosomal surface where mTORC1's direct upstream activator, Rheb, is located [9, 10] . This recruitment of mTORC1 to the lysosomal membrane is mediated by heterodimers of Rag GTPases [5, 31] . In particular, increased amino acid availability stimulates a shift in the guanosine diphosphate and guanosine triphosphate loading of the Rag heterodimer, which facilitates the binding of the Rag heterodimer to mTORC1 and the recruitment of mTORC1 to the lysosomal surface [5] . The subsequent 'docking' of mTORC1 to the lysosome appears to require a complex of proteins referred to as the ragulators [10] . The ragulators provide the anchoring mechanism between the Rag GTPase heterodimer bound to mTORC1 and the lysosomal membrane, which allows for the activation of mTORC1 [10] . More recent work has also identified a negative regulator of the recruitment of mTORC1 to the lysosomal surface. Specifically, when amino acid sufficiency is low, a protein subcomplex referred to as GATOR1 [GTPase activating protein (GAP) activity toward Rags] has been shown to inactivate the Rag heterodimer complex, which inhibits the ability for the Rag GTPase heterodimer to recruit mTORC1 to the lysosomal surface. This inhibition of the Rag GTPase heterodimer by GATOR1 is removed by a second protein subcomplex, GATOR2, and removal of the inhibitory effects of GATOR1 by GATOR2 is required for amino acid-induced mTORC1 activation [32 && ]. Two intracellular amino acid sensing components have also recently been identified, leucyltRNA synthetase [33 && ] and vacuolar H þ ATPase [9] , which appear to have a role in mediating the amino acid-induced localization of mTORC1 to the lysosomal surface. The leucyl-tRNA synthetase appears to be sensitive to intracellular leucine, and in the presence of elevated leucine concentrations, leucyltRNA synthetase seems to migrate to the lysosome where it facilitates the proper nucleotide loading of the Rag GTPase heterodimer complex [33 && ], which (through the mechanisms described above) stimulates mTORC1 activity. The vacuolar H þ ATPase, on the other hand, is housed in the lysosomal membrane and has been identified as a critical component of the amino acid sensing machinery on the lysosomal surface. The vacuolar H þ ATPase appears to be sensitive to amino acid accumulation within the lysosome, and through direct interactions with the ragulator-Rag complex stimulates mTORC1 activation in the presence of increased amino acid concentrations within the lysosomal lumen [9] . In addition, overexpression of protonassisted amino acid transporter (PAT) 1, an amino acid transporter found in the lysosomal membrane that exports amino acids from the lysosomal lumen into the cytosol, has been shown to inhibit mTORC1 stimulation in the presence of amino acids [9] , further highlighting lumenal amino acid accumulation as an integral component of amino acid sensing and signaling to mTORC1. The presence of these intracellular amino acid sensing mechanisms and their link to mTORC1 activation highlight amino acid transport into the muscle cell is likely to be an important mechanism in the ability for amino acids to stimulate protein synthesis. Indeed, inhibiting the actions of specific amino acid transporters has been shown to inhibit mTORC1 signaling in the presence of elevated amino acids [8, 34, 35] ; however, future research is necessary to more precisely uncover the link between the role of specific amino acid transporters and these intracellular sensing mechanisms.
In addition to their role as transport systems to facilitate the delivery of amino acids to intracellular amino acid sensors, select amino acid transporters have been identified to have dual functions as 'transceptors' [12] , most notably sodium coupled neutral amino acid transporter 2 (SNAT2). The potential role of SNAT2 as an amino acid transceptor in mammalian cells was eloquently demonstrated in a recent study by Pinilla et al. [36] . These researchers incubated MCF-7 human breast cancer cells with Me-AIB, a competitive inhibitor of SNAT2 substrates, to diminish intracellular accumulation of SNAT2 substrates as well as branched chain amino acids [via L-type amino acid transporter 1 (LAT1) tertiary active transport that requires intracellular accumulation of SNAT2 substrates for the counter transport of branched chain amino acids into the cell [7] ]. Although the diminished intracellular amino acid supply reduced cell proliferation, cell growth was still observed. Further, incubation with Me-AIB did result in increased S6K1 phosphorylation, a marker of mTORC1 activity, indicating that the intracellular accumulation of SNAT2 substrates is not required for mTORC1 stimulation. Instead, these data suggest that perhaps the binding of amino acids to SNAT2, or the conformational change of SNAT2 during amino acid influx, triggers a signaling cascade that stimulates mTORC1 activation, a process that may include SNAT2 binding to myosin light-chain kinase (MLCK) II [36] . Consequently, in addition to transporting amino acids across the cell membrane, SNAT2 (and likely other transporters) may also serve as sensing mechanisms to monitor changes in extracellular amino acid availability and perhaps prime the cell for a subsequent influx of amino acids.
Although there appears to be some debate, the stimulatory effects of amino acids on mTORC1 signaling and protein metabolism are likely manifested in part through various mechanisms that respond to changes in both intracellular and extracellular amino acid availability [12, 29] . Recent findings highlight that amino acid transporters could have an integral role in responding to changes in both intracellular and extracellular amino acid pools. As summarized in Fig. 1 , amino acid transporters likely have a pivotal role in the delivery of amino acids to intracellular sensing mechanisms and select amino acid transporters may have dual functions as extracellular amino acid sensors through transceptor signaling. In addition, PAT1 has been implicated in mTORC1 activation through a yet to be defined process that does not appear to require the actual transport of amino acids into the cell [37] , but instead may be linked to the activation of mTORC1 at the lysosomal membrane [38 & ]. Certainly more work is necessary to uncover additional amino acid sensing and signaling mechanisms and this research focus will only add to the emerging evidence suggesting amino acid transport and transporters have an important role in the regulation of protein metabolism.
THE EMERGING ROLE OF AMINO ACID TRANSPORTERS IN THE CONTROL OF HUMAN SKELETAL MUSCLE PROTEIN METABOLISM
Two of the most powerful stimulators of protein synthesis in human skeletal muscle are nutrient ingestion (for example, protein/amino acids and insulin) and exercise. Indeed, it is well documented that both of these stimuli facilitate an increase in amino acid transport into the muscle, which provides both a stimulus (as described above) and the substrate for increased rates of protein synthesis. More recently, added focus has been given to explore and identify how various stimuli affect the expression of select amino acid transporters (Table 1) and what role the response of these amino acid transporters may have in the regulation of muscle protein metabolism and muscle adaptation.
Amino acid ingestion and amino acid transporters in skeletal muscle
The first study to characterize amino acid transporter expression in human skeletal muscle following amino acid ingestion was performed in 2010 by Drummond et al. [18] . Concomitant with the increase in amino acid transport into the muscle, in a group of healthy young individuals we observed an increase in the skeletal muscle mRNA expression of select amino acid transporters. In particular, although the mRNA expression of many transporters were analyzed in that study, the most notable increases were observed in the mRNA expression of LAT1, SNAT2, and PAT1, which are amino acid transporters thought to have key roles in mTORC1 signaling and muscle protein synthesis/muscle growth [6, 8, 34, 35, 39] . Further, this study also indicated that the upregulation of these amino acid transporters may have occurred downstream of mTORC1 signaling, perhaps through activating transcription factor 4 (ATF4), which is a well described regulator of amino acid transporter expression that has been linked to mTORC1 signaling [11,40 & ]. These findings indicate that the upregulation of amino acid transporters in this case serves as an important adaptive response to improve the intracellular delivery of amino acids into skeletal muscle.
More recently, we investigated the effect of short-term bed rest on the protein anabolic response of older adults to essential amino acid ingestion in an effort to obtain insight into the mechanisms contributing to muscle atrophy with inactivity [16 && ]. We observed an impaired skeletal muscle protein synthesis response to essential amino acid ingestion following 1 week of bed rest, indicating that the loss of muscle size and strength during bed rest may be facilitated, in part, through an impaired muscle protein synthesis response to nutrients. Further, this impaired protein synthesis response was associated with a blunted response in mTORC1 signaling and amino acid transporter protein content. More recently, a similar blunted muscle protein synthesis response to protein ingestion was also observed in older adults following a 14-day period of reduced daily physical activity (step counts) [41] . Although amino acid transporters were not examined in that study, based on the collective findings of these two studies, it is interesting to speculate that perhaps an inability for nutrient ingestion to elicit an increase in amino acid transporter content during inactivity may reduce the sensitivity of skeletal muscle to amino acid ingestion, and thus the impaired muscle protein synthesis response following inactivity may be manifested, in part, through alterations in amino acid transport and transporter function. Given the link between reduced physical activity and hospitalization in older adults [42, 43] , more work is necessary to better delineate the role of skeletal muscle amino acid transporters in this impaired muscle protein synthesis response to nutrients. Such insight could serve in the development of nutritional strategies to counter the deleterious effects of inactivity on muscle health and function in older adults.
Resistance exercise and amino acid transporters in skeletal muscle
The expression of amino acid transporters in human skeletal muscle has also been investigated in response to resistance exercise [14,15 & ,17] , and these studies demonstrate that resistance exercise increases the expression of select amino acid transporters in the skeletal muscle of both young and older individuals. In addition, similar to the time course of muscle protein synthesis, the upregulation of amino acid transporters following resistance exercise is much more sustained relative to the increase following amino acid ingestion [17, 18] , at least in young adults. This sustained upregulation of amino acid transporters following resistance exercise could serve to sensitize skeletal muscle to nutrients for a prolonged period of time [44] . Further, in a recent microarray analysis, skeletal muscle amino acid transport was identified as an Although both young and older adults experience an increase in skeletal muscle amino acid transporter expression following resistance exercise, the mechanisms facilitating the increase in amino acid transporter expression may differ between young and older adults. In particular, in young adults, the upregulation of skeletal muscle amino acid transporter expression is concomitant to an increase in mTORC1 signaling and nuclear ATF4 protein expression [17] , in which ATF4 is a known regulator of amino acid transporter expression [11,40 & ]. In contrast, older adults do not appear to experience the same increase in mTORC1 signaling and nuclear ATF4 protein expression following resistance exercise. Instead, an increase in the phosphorylated (Y705) nuclear protein expression of signal transducer and activator of transcription 3 (STAT3) is observed in older adults following resistance exercise [17] . STAT3 has been shown to be associated with the upregulation of SNAT2 in response to inflammatory markers [47] , indicating that the upregulation of amino acid transporters following resistance exercise in older adults could be mediated through a stress response to the exercise bout. Further, this potential stress-mediated upregulation of skeletal muscle amino acid transporters in response to resistance exercise may provide a maximal stimulus following acute exercise, as we have demonstrated that ingesting essential amino acids shortly following a bout of resistance exercise appears to enhance skeletal muscle amino acid transporter expression only in young adults [15 & ].
CONCLUSION
A significant amount of work in recent years has begun to unravel the mechanisms through which cells sense amino acid availability and regulate protein synthesis (Fig. 1) . Amino acid transporters likely represent an important link in the ability for amino acids to stimulate cellular protein synthesis. Not only do amino acid transporters facilitate the delivery of amino acids to intracellular amino acid sensors, but also more data are beginning to indicate that various amino acid transporters may have a dual 'transceptor' function. There is also mounting evidence in human skeletal muscle demonstrating that the expression level of select amino acid transporters is highly dynamic and responsive to various stimuli (Table 1) and that changes in these amino acid transporters are associated with amino acid sensing, signaling, and muscle growth and atrophy. Thus, amino acid transporters represent a very important mechanism regulating changes in human skeletal muscle protein synthesis, and perhaps even a rate-limiting step in the process of amino acid-induced stimulation of skeletal muscle protein metabolism. Certainly, in human skeletal muscle this research focus remains in its infancy; however, continuing to build upon the strong mechanistic foundation derived from various cell and animal models will provide tremendous insight into the role of amino acid transport and transporters in amino acid sensing and signaling and the regulation of human skeletal muscle protein metabolism. This translational research effort should provide a basis to maximize nutritional therapeutic strategies aimed at improving skeletal muscle health and physical function.
Conflicts of interest
There are no conflicts of interest. 
REFERENCES AND RECOMMENDED READING

